The proteolytic enzymes pronase, trypsin, and chymotrypsin and the surfactant Triton X-100 inhibited attachment of Vibrio proteolytica to the hydrophobic substratum polystyrene by >97%. These treatments had no effect on attachment to hydrophilic substrata such as glass or tissue culture dishes. Both pronase and Triton X-100 effected the removal of previously attached cells from polystyrene but not from hydrophilic surfaces. Removal of cells from polystyrene by pronase left material (which we have termed footprints) that stained with the protein-specific stain Hoechst 2495 but not with the DNA-specific stain Hoechst 33342. Pronase treatment also caused a significant decrease in cell surface hydrophobicity as determined by phase partitioning in hexane or petroleum ether. Collectively, these results imply the existence of separate mechanisms for the adhesion of V. proteolytica to hydrophilic and hydrophobic substrata and suggest a role for protein in the latter mechanism.
The importance of hydrophobic interactions in nonspecific bacterial adhesion has been recognized only recently (33). Hydrophobic interactions were previously thought to play important roles only in the microbial degradation of oils and hydrocarbons (30) . Hydrophobic interactions are now believed to be important in the adhesion of benthic cyanobacteria to sediment (8) , of pathogenic bacteria to target tissue (17, 20, 35) , of cariogenic bacteria to oral surfaces (2, 32) , and of aquatic bacteria to the air-water interface (4) .
The importance of hydrophobic interactions in the colonization of surface immersed in sea water (microfouling) has been largely ignored, even though many marine bacteria are known to adhere preferentially to hydrophobic rather than hydrophilic substrata (10, 28) .
We have previously described an estuarine Vibrio sp. isolated from polyvinyl chloride cover slips that adhered preferentially to hydrophobic substrata (28) . Adhesion to polystyrene (PS) was sensitive to inhibitors of protein and RNA synthesis but not DNA synthesis (26) . In this report we examine the effect of proteolytic enzymes and surfactants on the attachment to hydrophobic and hydrophilic substrata. We provide evidence in this paper for the existence of separate adhesion mechanisms in Vibrio proteolytica for hydrophilic and hydrophobic surfaces. MATERIALS Organism and growth conditions. Details of the isolation of V. proteolytica appear elsewhere (26, 28) . Cultures were * Corresponding author. maintained on a one-third-strength seawater medium (ASWJP) as described previously (26) .
Adhesion assays. Substrata in adhesion assays were PS culture dishes (15 by 60 mm, Falcon 1007; Becton Dickinson Labware, Oxnard, Calif.), acid-cleaned microscope slides, and tissue culture dishes (TCD) (Falcon 3002). Cells were harvested from early-stationary-phase cultures (16 h of growth; 1 x 109 to 2 x 109 cells per ml) by centrifugation at 8,500 x g and washed twice in ASWJP-PY medium (medium lacking peptone and yeast extract [26] (25) .
For detection of material left by pronase removal of cells from polystyrene, which we termed cell footprints, by epifluorescence microscopy, pronase-treated substrata were fixed for 1 h in 1.9% (wt/vol) formaldehyde in ASWSP-PY medium. The formaldehyde was removed by washing in ASWJP-PY medium, and the protein residue was stained for 30 min with Hoechst 2495 (400 ,ug/ml) in 9:1 methanol-acetic acid (vol/vol). The substrata were destained in three washes of methanol-acetic acid and rinsed finally in ASWJP-PY medium. A cover slip was added, and the dish was viewed by epifluorescence microscopy under blue (-420 nm) excitation.
Scanning electron microscopy. Samples were prepared for scanning electron microscopy as previously described (27) , except critical point drying was omitted to avoid deformation of the PS. After dehydration through 100% ethanol, the PS squares were infiltrated in washes of ethanol-Freon 113 (21) . The squares were dried from pure Freon 113 in an evacuated desiccator.
For transmission electron microscopy, cells were dried on a transmission electron microscopy grid, coated with a 2% solution of phosphotungstic acid, and dried again (5). Stubs were immediately viewed with a Hitachi 500 transmission electron microscope.
Controls for lysis by proteolytic enzymes. Harvested, washed cells were resuspended in ASWJP-PY medium containing pronase (5 to 250 ,g/ml) at a cell density of 2 x 107 to 5 x 107 cells per ml and incubated for 2 h at 22 to 24°C.
Samples were collected for direct counts as described previously (25) .
Phase partitioning. Methods for phase partitioning were adapted from those described by Rosenberg et al. (31) and Kjelleberg and Hermansson (19) . A 2-ml amount of hexane or petroleum ether was added to 10 ml of a washed cell suspension (2 x 107 to 5 x 107 cells per ml) and vortexed vigorously for 2 min. The phases were allowed to separate for 15 min, and the organic phase was removed. Triplicate 2-ml samples were filtered for DNA analysis (29) . Results are expressed as the percentage of DNA remaining in the aqueous phase compared with a sample before solvent addition. A value of 100% thus denotes hydrophilic cells.
RESULTS
The effects of proteolytic enzymes on the adhesion of V. proteolytica to a hydrophobic substratum, PS, appear in Fig.   1 and Tablq 1. Pronase at a concentration of 100 jig/ml inhibited attachment by 96.5% (Fig. 1) . Equivalent inhibition of attachment (-97%) occurred with 5 and 50 pig of trypsin and of trypsin and chymotrypsin per ml, respectively (Table   1) .
Since proteins are known to coat surfaces and change interfacial energies, we examined the effect of heatdenatured enzymes on attachment. Boiled pronase stimulated attachment (or caused growth of attached cells) at concentrations of 50 ,ug/ml. No significant inhibition of attachment occurred until the highest concentration (500 ,ug/ml) was employed (Fig. 1) . Thus, the effect of pronase on attachment to PS at 100 ,ug/ml is due to catalytic rather than surface coating effects. Denatured trypsin and chymotrypsin Pronase also catalyzed the removal of previously adhered cells (Fig. 1B) . Complete removal (-99%) occurred after 2 h at a concentration of 100 ,ug/ml, whereas denatured pronase had little effect on attached cells (Table 2) . Both native and denatured trypsin and chymotrypsin caused some cell displacement ( Table 2) . Neither of these enzymes were as effective as pronase in cell removal.
The effect of these enzymes on attachment to hydrophilic substrata (glass and TCD) appears in Tables 2 and 3 . Pronase had no effect on attachment at 100 ,ug/ml (Table 3) , a concentration that completely inhibited attachment to PS. Native pronase at 250 p.g/ml slightly inhibited attachment to TCD but not to glass (Table 3 ). This slight inhibition of attachment was noted in boiled enzyme controls. Pronase, trypsin, and chymotrypsin did not effect a significant removal of cells previously attached to TCD (Table 3) . Both native and denatured trypsin at 250 ,ug/ml stimulated attachment to TCD, probably owing to utilization of trypsin as a substrate for growth.
Controls for cell lysis by pronase indicated no significant decrease in cell concentration after 2 h of incubation (data not shown).
The results of phase partitioning experiments appear in Table 4 . Pronase treatment (100 ,g/ml) caused an increase in cell hydrophilicity, resulting in 93 to 100% of the cells remaining, in the aqueous phase. Control or boiled pronasetreated cells were relatively hydrophobic, 40 to 60% remaining in the aqueous phase.
Epifluorescence and scanning electron photomicrographs of control and pronase-treated cells attached to PS appear in Fig. 2 and 3 . Pronase removed the majority of cells, as determined by epifluorescence microscopy, after staining with the DNA-specific fluorochrome dye Hoechst 33342.
Amorphous spots were observed in pronase treatments after staining with Hoechst 2495, a protein-specific fluorochrome dye. These footprints were easily distinguished from whole cells (Fig. 2C and D) . These footprints were observed in detail by scanning electron microscopy (Fig. 3) . The footprint, composed in part of the adhesive material, formed a rough outline of the cell, approximately one and one-half times the cell size (Fig. 3) .
Negative staining with phosphotungstic acid was performed to look for specialized adhesive organelles such as fimibriae or fibrils (Fig. 2F) . No such organelles were observed. Figure 4 illustrates the effect of the surfactant Triton X-100 on adhesion to hydrophilic and hydrophobic substrata. This surfactant completely inhibited (>99%) attachment to PS but had little effect on attachment to the hydrophilic TCD. Triton X-100 also caused removal of previously attached cells (data not shown), without leaving footprints. Table 5 shows the effects of sugars on attachment to PS and TCD. The sugars employed had no effect on the attachment to PS, but showed some inhibition of attachment to TCD, mannose having the greatest effect. DISCUSSION Treatments which inhibited attachment or caused removal of cells attached to PS had little effect on attachment to TCD, implying separate mechanisms for adhesion to hydrophilic and hydrophobic substrata in V. proteolytica.
Proteolytic enzymes both decreased cell surface hydrophobicity and disrupted adhesion to a hydrophobic substratum, PS. Similar results have been obtained with other bacteria by various investigators. Both pepsin and aqueous phenol treatment decrease cell surface hydrophobicity (as xylene-water partitioning) and inhibit attachment to FEPTeflon in Staphylococcus epidermidis (16) . Fletcher and Marshall (11) found the adhesion of a marine pseudomonad to polystyrene to be sensitive to pronase treatment. A trypsin-sensitive surface protein, P-1, was found to be the major adhesive ligand in Mycoplasma pneumoniae (20) . Localized at one cell pole, this protein also imparts cell surface hydrophobicity. The adhesins of Aeromonas hydro- phila have been shown to be sensitive to pronase and trypsin (1) . Both trypsin and pronase cause dissociation of rosettes of Hyphomicrobiumn sp. (23) .
Surface proteins that impart cell surface hydrophobicity or are involved in adhesion (or both) are often packaged into structures such as fimbriae or fibrils (7, 14, 15) . In other organisms, such organelles are absent, the hydrophobic proteins being uniformly distributed in a layer over the cell surface, as with the A protein of Aeromonas salmonicida (24, 35) . Such might be the case with V. proteolytica, since fibrils or fimbriae have not been observed. Additionally, there is no preferential orientation of the cell with respect to the surface (27) , as has been observed for organisms such as Flexibacter and Hyphomicrobium spp. (20, 32) .
Adhesions of certain pathogens are lectin-like proteinsspecific for carbohydrate moieties of host cells (1, 7) and participate in hemagglutination. In many instances, these adhesins are hydrophobic (17) . Hemagglutination or adherence to host tissues (or both) can be inhibited by mannose and other monosaccharides (36 evidence for separate adhesion mechanisms for hydrophilic and hydrophobic substrata.
Previous work on the mechanisms of attachment of aquatic bacteria has emphasized the role of slimes, extracellular polymeric substances, and glycocalyces (3, 6, 9, 12, [3, 13, 18] ). Although such material is a well-documented component of native microfouling assemblages, it seems unlikely to be involved in the initial adhesion process, since such materials are often hydrophilic and loosely attached to cells (34) and may decrease adhesiveness (16) . V. proteolytica and other organisms isolated from test pieces exposed for <2 h in the Chesapeake Bay do not produce such slimes. We believe that these organisms are representative of the primary fouling organisms in aquatic environments and that slime production is a later feature in the development of such assemblages. We are indebted to Tony Greco for scanning electron photomicrographs and Betty Loraamm for transmission electron photomicrographs.
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